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Abstract-The high temperature drift mobility (ad) of charge carriers in nonstoichiometric cerium dioxide 
(CeOz_,X) has been calculated by combining the electrical conductivity and nonstoichiomet~ data on the basis of the 
oxygen vacancy model with correct ionization state. The electrical conductivity was measured by a four-probe d.c. 
technique and the nonstoichiometry by thermogravimetric analysis. The dilute solution model of the point defects 
is valid up to x = 0.03. From the magnitude of pd and its temperature dependence, the charge carriers in CeO,_, 
are proposed to be small-poiarons formed by localization of electrons at cerium sites and the charge transport 
process is proposed to occur by a hopping mechanism. The observed temperature dependence of s,+ is in accord 
with that derived by Holstein and Friedman for small-poiaron transport by the hopping mechanism. The activation 
energy of mobility is found to increase with increasing x as expected for the hopping model. 
lNTRODUCTlON 
Electronic conduction in solid oxides can occur by 
motion of the charge carriers in a band or by a diffusion- 
like motion called hopping mechanism. The hopping 
mechanism is considered to apply to the low mobility 
oxide semiconductors at elevated temperatures and the 
charge carrier in this case is termed a small-polaron. It is 
the purpose of this paper to show experimental evidence 
for small-polarons and to demonstrate the hopping-type 
small-polaron mobility at elevated temperatures in 
nonstoichiometric cerium dioxide fCeOZ-, f. 
From the electrical conductivity and thermodynamic 
measurements at temperatures above 7OO”C, the n-type 
conductivity and oxygen deficiency in CeOz_, have been 
alternatively proposed to be due to the cerium 
interstitials [ I-31 or oxygen vacancies[4-61. However, 
recent results of X-ray and neutron diffraction 
analysis [7,8], high tem~rature lattice parameter and 
macroscopic length change measurementsfg, IO] and 
diffusion studies [ 11,121 have conclusively shown the 
point defects in CeO*_, to be the oxygen vacancies. The 
mobility of the charge carriers in CeOz_, can be cal- 
culated if the carrier concentration and the conductivity 
can be independently determined. One way of determin- 
ing the carrier concent~tion is to measure the nonstoi- 
chiometry x in CeOz-, and calculate the carrier concen- 
tration from the known defect structure including the 
correct ionization state of the defects. Care must be 
taken to calculate the carrier concentration in the x range 
where dilute solution model of the defects is valid. This 
is necessary because the carrier concentration is directly 
proportional to the point defect concentration, and hence 
x, only in this dilute solution region where defect inter- 
actions are negligible. In a recent paper discussing elec- 
tron mobility in CeOz-, [ 131, this was not explicitly done 
and the ionization state of the defects assumed was not 
correct as will be discussed later. Also, no a~empt was 
tThis paper is based in part on a dissertation submitted by I. K. 
Naik in partial fulfillment of the requirements for the Ph.D. degree. 
The University of Michigan, Ann Arbor (Sept. 1976). 
made to correlate the experimental results with the 
known theories of charge transport in low mobility 
materials. Rectification of these errors from the new 
experimental data and correlation of the observed results 
with the smaU-polaron theory are the main goa!s of this 
paper. 
THEOBY 
The extensive development of small-polaron theory on 
the basis of the classical Boltzmann transport equation 
as well as quanta mechanical principles has been re- 
viewed by Appel[l4] and Austin and Mott[lSl. One of 
the main conclusions of this theory relevant to this paper 
is the estimation of the order of magnitude of the small- 
polaron drift mobility. The charge transport via small- 
polaron motion must carry along the lattice distortion 
associated with the small-polaron and this imparts ad- 
ditional drag on the motion of the charge carrier. There- 
fore, the drift mobility of the small-poiaron is much 
smaller compared to that of the carrier in broad band 
semi-conductors; typically, it is less than 
0.1 cm*/V set [ 141. This theoretical expectation value of 
the mobility will serve as the criterion for showing the 
existence of the sm~l-~larons. 
The second conclusion of importance here is that the 
small-polaron motion in an ionic crystal occurs by two 
distinct mechanisms. At low temperatures, the small- 
polaron moves by Bloch-type band motion while, at 
elevated temperatures, it moves by thermally-activated 
hopping mechanisms. This picture applies to the solids 
having strong coupling between the electrons and lattice 
vibrations and is expected to be valid for narrow-band, 
low mobility semiconductors such as transition metal and 
rare-earth oxides. Holstein and Friedman [ 16-181 have 
done the theoretical calculations of small-polaron motion 
in great detail and shown that the temperature depen- 
dences of the small-polaron drift mobility (pr) in the 
two regimes are different. In the low temperature band 
motion regime, the drift mobility is mainly determined by 
the phonon scattering and hence it decreases with in- 
creasing temperature in a manner analogous to the 
311 
312 I. K. NMK and T. Y. TIEN 
mobility in broad band semiconductors. In the high 
temperature hopping regime, the mobility is thermally- 
activated and it increases with increasing temperature.As 
shown by Holstein and Friedmanfld 171, its temperature 
dependence is characterized by the following equation 
where p, is a constant, E,,, is the activation energy for 
mobility, and T is absolute temperature. In this case, the 
charge of the carrier is localized at a specific site, for 
example on a cation, and its movement under influence 
of electric field occurs in discrete jumps from one site to 
another. This is analagous to the therm~ly-activated 
diffusion of atomic species in solids. The hopping 
mechanism applies if the temperature is greater than 
(I/2)& where &is the optical Debye temperature given by 
hw, II 
80=k or, ( ! (2) 
where WI is the longitudinal mode phonon frequency 
whose typical value for an oxide may be taken as lOI 
per sec. Therefore, hopping-type mobility is expected at 
temperatures exceeding 500°C. The transition from the 
band motion regime to the hopping regime is rather 
sharp. It occurs in a narrow temperature interval around 
(l/2)80. 
EXPERIMENTAL 
The d.c. electrical conductivity (0) of sintered cerium 
dioxidet specimens was measured by a four-probe tech- 
nique over the temperature range MO-1420°C and 
oxygen partial pressure (ps) range 10Wzo to 1 atm. The 
oxygen pressure was controlled by using Ar-OZ or CO- 
CO* mixtures. At each temperature and ps, equilibrium, 
as indicated by a steady value of conductivity, was 
established before making the final measurement. Three- 
probe conductivity measurements were also carried out 
to verify that the four-probe measurements yielded the 
bulk conductivity and not merely the surface or gas 
conductivity[l9]. Electronic transference number of the 
same specimen was measured by a polarization 
technique[lS 201. 
Thermogravime~c analysis by means of a Perkin- 
Elmer thermobaIance was done to determine the 
nonstoichiometry at different temperatures and p%. The 
weight changes were measured relative to the weight of 
the specimen at 1000°C in air. Pure CeOz is essentially 
stoichiometric under this condition as far as weight 
change measurements are concerned. 
Further details of the ex~rimental procedure can be 
found in Ref. [ 191. 
REWLTS AND DISCKWON 
The electronic transference number measurements 
showed that CeO*_, is predominantly an electronic 
tHigh purity CeO* from Kerr-McGee Chem. Corp.; Ce 
content 99.99% of total rare earth: main non-rare earth im- 
purities: Mg, Ca and Si, all in trace amounts. 
conductor. It has been demonstrated by Brugner and 
Biumenthai[~l] that the conductivity of single crystal 
CeO?_, specimen and the normalized conductivity 
(ff”Wnl ) of sintered polycrystalline CeO,_, specimen are 
identical. Here, c,,,,,, = umeawred Prheoretical ( I Pmeasured 17 P 
being the densities; it takes into account the porosity 
effect. This means that the extra electron scattering from 
the grain boundaries and pores in the sintered specimens 
is negligible. This is expected for CeOt_, since, as 
shown later, it is a low mobility oxide semiconductor in 
which the mean free path of the charge carriers is small. 
Therefore, the conductivity of the sintered specimens, 
after normalizing for porosity, can be taken to represent 
the true conductivity of Ce02_x crystal. As mentioned 
in the introduction, the predominant defects in CeOZ-X 
are oxygen vacancies. To get the ionization state of these 
oxygen vacancies, the conductivity variation with ps 
shown in Fig. 1 was analyzed in the light of the quasi- 
chemical defect theory based on a dilute solution model 
of the defects in oxides[22]. The slopes of log (T vs 
log pm curves indicate the ionization state of the oxygen 
vacancies. At high oxygen pressures, i.e. for small x 
values, the least square straight line slopes are close to 
- l/6 which means the oxygen vacancies are doubly- 
ionized. This is valid up to x value of about 0.007. As x 
increases beyond this, the proportion of the singly-ion- 
ized vacancies increases as indicated by the slope 
changing to - l/S and - 114 with decreasing pW In the x 
range 0.01-0.04, the oxygen vacancies are predominantly 
singly-ionized. This defect model will be used to cal- 
culate the drift mobility from the conductivity and 
nonstoichiometry,data. At x values greater than 0.04, the 
dependence of the conductivity on log ps, and hence on 
x, is complex. This is interpreted as a situation where the 
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Fig, 1. Oxygen partial pressure dependence of electrical 
conductivity of CeO,_, at constant temperature. 
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applicable due to the interaction or partial ordering of the 
vacancies. 
The conductivity and nonstoichiometry data can now 
be combined to calculate pd on the basis of the above 
defect model in the x range where a single state of 
ionization predominates. In the conductivity equation, 
u = ne,.bd (3) 
where e = electronic charge, the charge carrier concen- 
tration (n) is directly proportional to x if the dilute 
solution model is valid. Then, for singly-ionized oxygen 
vacancies, ,.&d is given by, 
,.‘d = 2.482 X 1K4 f 
0 
where pd is the drift mobility in cm’/V set and u is the 
conductivity in ohm-’ cm-‘. As shown in Fig. 2, u varies 
linearly with x up to x = 0.03 indicating the validity of the 
dilute solution model. A single straight line can be drawn 
through the experimental points up to x = 0.03 regardless 
of temperature. This means that pd does not change much 
with temperature up to x = 0.03. Calculated pd values for x 
close to 0.025, for which singly-ionized oxygen vacancies 
predominate, are plotted on a logarithmic scale against l/T 
in Fig. 3. 
The small magnitude of ,.&I indicates that the charge 
carriers in CeOZ_x are small-polarons. These small- 
polarons would be formed by localization of electrons at 
cerium cations. This is equivalent to reduction of some 
Ce4’ ions to Ce” state. The relatively high temperatures 
(T> l/2 /IO) involved here would lead one to expect 
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Fig. 2. Electrical conductivity vs nonstoichiometry in CeO,_, 
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Fig. 3. Drift mobility vs I/T for x = 0.025. 
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Fig. 4. ~Q,P’* vs l/T for x - 0.025. 
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hopping-type small-polaron motion on the basis of the 
theory discussed in Section 2. The temperature depen- 
dence of the mobility can indeed be explained on the 
basis of eqn (1). In this equation, the exponential factor 
and T3’* factor both increase with increasing tempera- 
ture. Therefore, in the temperature range 800-14OO”C, .&I 
increases very slowly with increasing temperature if E,,, 
is between 0.15 and 0.20eV. On the other hand, small- 
polaron transport by band motion requires that the 
mobility decrease with increasing temperature. Figure 3 
shows that the experimentally determined fid increases 
slightly with temperature for x close to 0.025. Next, 
p,j T”= is plotted vs l/T in Fig. 4. Least square analysis 
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showed this to be linear and, hence in accordance with 
eqn (1). Therefore, the small-polaron motion must occur 
by a hopping mechanism. The hopping would involve 
electrons jumping from Ce3’ ion to a neighboring Ce*’ 
ion. The activation energy of mobility (E,,,) is 0.19eV 
and it is independent of x up to x = 0.03. 
Now, the mobility eqn (1) can be applied in the x range 
where (r does not vary linearly with x, i.e. for x > 0.03, 
with the assumption that E,, is a function of X. This 
means that the dependence of the mobility on x is 
nonlinear. It is also reasonable to assume that the carrier 
concentration (n) is determined by x alone. In this case, 
dx, T) = en(x)wd(x, T) (5) 
= en(x)[+exp (-+jS)]- 6’) 
Therefore, for a fixed x, 
Equation (6) shows that, if log (uT3’*) is plotted vs i/T 
for a fixed value of x, a straight line will be obtained and 
the slope of this line can be used to caiculate E,(x). 
Figure 5 presents such plots of the experimental data. 
Good linear plots of log(aT3’*) vs l/T were also 
obtained for 0.12< x ~0.20; however, the points for 
x > 0.12 have been omitted from the figure for the sake 
of clarity. E,,,(x), calculated from the least square 
straight lines corresponding to different x values, is 
plotted as a function of x in Fig. 6. It is seen that E,,,(x) 
increases and therefore @d decreases with increasing x. 
This is a direct result of the high defect concentrations 
I I 
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Fig. 6. Activation energy of mobility vs x. 
occurring at the large departures from stoichiometry. 
When the defect concen~ation is high, the electrons are 
not likely to move randomly independent of the sur- 
rounding point defects as assumed in the dilute solution 
hopping model. Any localized electron will be sur- 
rounded by a significant number of simiiarly charged 
defects at a close distance. Thus, this localized electron 
will experience repulsive forces from the surrounding 
defects of similar charge. These repulsive forces would 
limit the number of directions in which the electron can 
jump reducing its mobility as a result. Hence, the obser- 
ved increase in E,,, (or decrease in hd) with increasing x 
is expected for the hopping motion at large defect 
concentrations. 
CONCLUSION 
In nonstoichiometric CeOl_,, the electrons are local- 
ized and the high temperature electrical conduction oc- 
curs by a hopping mechanism in which electrons jump 
from a Ce’+ ion to a neighboring Ce4+ ion. The small- 
polaron model developed by Holstein and Friedman 
satisfactorily explains the observed temperature depen- 
dence of the high temperature drift mobility. The activa- 
tion energy of mobility (Em) has been calculated as a 
function of nonstoichiometry (x). It has been found that 
E,,, increases with increasing x which is in accord with 
the hopping model. 
Addendum: While the manuscript of this paper was 
being prepared, a related paper entitled ‘Small Polaron 
Electron Transport in Reduced CeOl Single Crystals” 
was submitted to this journal by Tuller and Nowick WI. 
It reports the rest&s of Seebeck coefficient and electrical 
conductivity measurements on reduced CeOz-, obtained 
by sealing off the specimen chamber after reduction to a 
specific x value. The Seebeck coefficient was found to be 
independent of temperature for a fixed X, viz. x = 0.008, 
0.040 and 0.200. This indicated a hopping mechanism of 
charge transport in light of the small-polaron theory. The 
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present paper arrives at the hopping mechanism of small- 
polaron transport in Ce02-, on the basis of the absolute 
value and temperature dependence of the charge carrier 
mobility which has been obtained by combining the 
equilibrium conductivity and nonstoichiometry data. The 
mobility values in the two papers are comparable, viz. at 
T = 1000°C and x = 0.025, pd = 0.02cm2/V set in the 
present paper and 0.007 cm*/V set in the Tuller and 
Nowick paper. Their measurements on the sealed-off 
specimens may make the data dependent on the history 
of the measurements to some extent since oxidation or 
reduction of Ce02_ could occur during the measure- 
ments depending on the ps value of the atmosphere 
surrounding the specimen. This factor is probably 
responsible for the difference in the values of the activa- 
tion energy of mobility (I?,,,) for low x where the greatest 
possibility of change in x exists, viz. for 0.01 <X < 0.06, 
E,,, increasing from 0.20eV to 0.4OeV in the present 
paper and E,,, = 0.40 eV in the Tuller and Nowick paper. 
At larger x values, E,,, values in the two papers are in good 
agreement. 
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